Abstract-A resilient fault-tolerant silicon carbide (SiC) threelevel power converter topology is introduced based on the traditional active neutral-point-clamped converter. This novel converter topology incorporates a redundant leg to provide fault tolerance during switch open-circuit faults and short-circuit faults. Additionally, the topology is capable of maintaining full output voltage and maximum modulation index in the presence of switch open and short-circuit faults. Moreover, the redundant leg can be employed to share load current with other phase legs to balance thermal stress among semiconductor switches during normal operation. A 25-kW prototype of the novel topology was designed and constructed utilizing 1.2-kV SiC metal-oxide-semiconductor field-effect transistors. Experimental results confirm the anticipated theoretical capabilities of this new three-level converter topology.
I. INTRODUCTION

L
OW harmonic distortion in the output, high dc-bus voltage, decreased common-mode voltage and reduced dv/dt stress have been motivating the adoption of multilevel power converters in numerous industrial applications [1] . However, compared to the hardware topologies of two-level converters, multilevel converters typically use a large number of semiconductor switching devices in the circuit topologies. Accordingly, such increased hardware complexity degrades the reliability of multilevel converters. Particularly, for multilevel converters used in safety-critical applications, such as moreelectric aircrafts (MEA), uninterruptible power supplies (UPS), high-power medical instruments, and electric/hybrid vehicles (EV/HEV), fault-tolerant operation capability under the condition of device open-circuit and short-circuit switching faults will be of significant importance.
The three-level neutral-point-clamped (3L-NPC) converter is one of the most popular topologies used in industry today among the various circuit topologies available for multilevel converters [2] - [5] . However, unequal power loss distribution among the semiconductor devices is a disadvantage of the 3L-NPC converter and may cause device failures under thermal overload conditions [6] . This is mainly because that the inner switches in the 3L-NPC converter are turned ON longer than the other switches, which results in more conduction loss. Furthermore, the clamping diodes in the topology force the converter to have just one neutral path per output current direction. Subsequently, the converter output current must be constrained to avoid excessive junction temperature in the inner devices [6] .
To enhance the reliability of the three-level converters, a few fault-tolerant converter topologies have been proposed [7] - [18] . First, the inherent fault-tolerant capability of the conventional NPC converter was investigated in [7] . In this paper, the faulttolerant strategies of a three-phase three-level NPC converter under singular short-circuit faulty condition of insulated-gate bipolar transistors (IGBTs) and clamping diodes were discussed. However, it shows that a few large voltage space vectors are lost for each of the fault cases, which indicates the necessity of derated operation of the NPC converter during the postfault stage. Specifically, the NPC converter cannot operate at a modulation index higher than 1/ √ 3 [7] . Similarly, another fault-tolerant solution for the outer switch open-circuit faults in the NPC rectifier of a three-level wind turbine back-to-back power converter was developed in [8] . The fault-tolerant operation for the outer switch faults in the NPC rectifier was achieved based on modifying the modulation reference voltage to connect the associated faulty leg to the dc-bus neutral point. A hybrid fault-tolerant three-level NPC converter was introduced in [9] . The faulttolerant capability of such topology is based on the introduction of a fourth flying capacitor phase leg to provide an active neutral point for the original three NPC phase legs. The four-leg NPC topology is able to disconnect the failed phase leg and connect the load to the fourth leg for any type of IGBT failures (opencircuit or short-circuit mode). However, it requires significantly redundant passive and active power devices, which makes the hardware circuit much more complicated. In [10] , the authors investigated the inherent fault-tolerant capability of three-level active neutral-point-clamped (3L-ANPC) converters. However, at some of the fault scenarios, the 3L-ANPC converter has to be controlled with decreased modulation indices. Therefore, this would not be suitable for applications demanding rated output voltages such as EV/HEV, UPS, and the like. A four-leg fault-tolerant solution for NPC converters was introduced in [11] . The purpose of adding this fourth phase leg is to provide a back-up to the NPC converter in case of any switch faults occurring in one of the three main legs, while this fourth leg can also be used to provide a stiff neutral-point voltage under healthy conditions. Consequently, the low-frequency voltage oscillation that usually appears at the dc-bus neutral point is eliminated, and the PWM voltage space vectors can be more intensively utilized to optimize the converter efficiency and harmonic distortions, instead of being considered for controlling the dc-bus neutral-point voltage. However, all these benefits are achieved at the cost of adding more redundant devices to the converter topology, which specifically include at least one capacitor, four fast-acting fuses, six IGBT modules, and three TRIACs. Another fault-tolerant solution for NPC converters was introduced in [12] . In this solution, three pairs of thyristors and fuses have been added to the NPC converter circuit topology to improve its fault-tolerant capability. The purpose of adding these thyristors is to avoid the short circuit of dc-bus capacitors when one of the switches has a short-circuit fault. One advantage of this fault-tolerant solution is that no derating is required during fault-tolerant operation. However, there are two potential concerns with this solution. The first concern is that the fuses used in the fault-tolerant circuit topology typically have much larger clearing i 2 t characteristic than the bond wires in general IGBTs, which indicates that the related IGBTs may fail prior to the blow out of the fuses. The second concern is that some of the IGBTs will encounter large voltage stress if there is a short-circuit fault in the series-connected adjacent switch on the same converter leg. Recently, another fault-tolerant topology for three-level T-Type NPC converter was developed and presented in [13] , [17] , and [18] . This four-leg fault-tolerant T-Type converter can tolerate any open-circuit faults and part of the short-circuit faults while maintaining rated voltage output at any fault scenarios. In this paper, an advanced 3L-ANPC (A3L-ANPC) converter will be introduced that can overcome the drawbacks of the conventional fault-tolerant solutions for NPC converters.
The identifications of the faulty switches in this paper rely on existing fault diagnostic techniques. Specifically, the online diagnosis of open-circuit switching faults is achieved by monitoring the variations of the dc-bus neutral-point current under given switching states. Each open-circuit fault scenario in the ANPC converter can be identified by comparing the detected value with the expected value under healthy condition. The expected value of the dc-bus neutral-point current is a function of the converter switching states and the instantaneous three-phase currents. The real-time information of the converter switching states and three-phase currents is typically available in the controller. The detailed implementation of such fault diagnosis method has been developed and introduced in [16] , [19] , and [20] , and therefore, will not be repeated here. Unlike the diagnosis of open-circuit switching faults, the detection of the short-circuit faults requires faster response (typically, around a few microseconds). This is because that the general short-circuit withstanding capability of industrial Si IGBT or SiC MOSFET is no more than 10 μs. Therefore, diagnosis of short-circuit switching faults is generally implemented in gate driver circuits. In this paper, the short-circuit fault diagnosis is achieved by using the desaturation detection circuit integrated in the gate drivers. The working principle of desaturation detection circuit has been presented in the literature [21] .
The remaining content of this paper will be organized as follows. First, the operational characteristics and the fault-tolerant capability of the conventional 3L-ANPC converters will be reviewed and discussed in Section II. Second, based on the drawbacks of the fault-tolerant capability of the 3L-ANPC converter, an A3L-ANPC converter will be proposed and introduced in Section III. Experimental verification of the A3L-ANPC converter under various device fault scenarios will be given in Section IV. Another promising advantage with this proposed A3L-ANPC converter, namely, the current sharing characteristic by leveraging the redundant leg, will be presented and experimentally verified in Section V. Moreover, improved faulttolerant capability of the proposed A3L-ANPC converter will be compared with the conventional 3L-ANPC converter in Section VI. Finally, conclusions are drawn in Section VII.
II. CONVENTIONAL 3L-ANPC CONVERTER
In contrast to the 3L-NPC converter, the 3L-ANPC converter has an additional active switch in antiparallel connected with each clamping diode along the neutral paths [6] . The circuit topology of the 3L-ANPC converter is shown in Fig. 1 . The additional active switches in a 3L-ANPC converter provide more zero switching states to evenly distribute the losses and device junction temperatures. The 3L-ANPC converter can commutate current to the upper neutral path or the lower neutral path for both positive and negative phase current. All the switching states of the 3L-ANPC converter are given in Table I . As it can be seen, the upper neutral path (0U1 and 0U2) can be used when switches S a2 and S a5 are ON, while S a1 , S a3 , and S a6 are OFF with S a4 being ON for state 0U1 or OFF for state 0U2. The lower path (0L1 and 0L2) can be used when S a3 and S a6 are ON, while S a2 , S a4 , and S a5 are OFF with S a1 being ON for state 0L1 or OFF for state 0L2. Accordingly, the 3L-ANPC converter can more evenly distribute device losses by selecting a zero state among four zero switching states available for commutating the neutral-point current. For example, the 0L1 state can be chosen to prevent switching loss in S a1 when switching the phase output between the positive dc-bus and the neutral point. The additional active switches in a 3L-ANPC converter can also provide voltage balancing between the switches S a1 and S a2 , as well as that between the switches S a3 and S a4 . As is shown in Fig. 2(a) , when the Phase-A output is connected to the positive dc bus, the device S a6 is turned ON to ensure equal voltage sharing between S a3 and S a4 . Similarly, when the Phase-A output is connected to the negative dc bus, equal voltage sharing between S a1 and S a2 is ensured by turning ON S a5 . As a result, voltage balancing resistors across the switches can be omitted. The 3L-ANPC converter can operate when a single or multiple device failures occur in one or more phases, because the switches S a5 and S a6 provide additional fault-tolerant capabilities compared to the 3L-NPC converter [10] . However, the 3L-ANPC converter has to be operated with reduced output voltage for some of the device faults.
For a device open-circuit failure, 0U1 or 0U2 must be used for commutating the neutral current if S a6 has an open-circuit fault and 0L1 or 0L2 must be used for commutating the neutral current if S a5 has an open-circuit fault. If S a1 through S a4 have an open-circuit fault, the output of the faulty phase must be connected to the neutral point and the maximum modulation index has to be reduced from 2/ √ 3 to 1/ √ 3 [10] . The switching states are selected to avoid a shoot through between the positive dc bus, negative dc bus, and the neutral point during a device short-circuit failure event. The faulty phase can continue to generate three-level output if a short-circuit fault takes place in S a1 or S a4 provided these devices can tolerate the full dc bus voltage. If the remaining devices have a short-circuit fault, the faulty phase leg is required to be connected to the neutral point and the maximum modulation index is diminished to 1/ √ 3 [10] . Alternatively, if the faulty phase is always connected to the neutral point, the switches are not subjected to the full dc bus voltage but the maximum modulation index becomes 1/ √ 3 resulting in reduced output power [10] .
The reliability analysis in [10] reports that the 3L-ANPC converter is more reliable than the 3L-NPC converter when a reduced output power is permissible. The 3L-ANPC is 10% more reliable for a single device short-circuit failure and 8.5% more reliable for single device open-circuit failure compared to 3L-NPC [10] . If a reduced output voltage and or power is not allowed, the two converters will have a similar reliability for open-circuit failures, while the 3L-NPC converter will have a higher reliability for short-circuit failures [10] .
Reduced output voltage and power is not allowed in certain mission critical systems such as MEA, UPS, and EV/HEV. As a solution, an A3L-ANPC converter topology was introduced in [22] that can maintain full output power and voltage during both short-circuit and open-circuit fault events. The full investigation of the capabilities of the A3L-ANPC converter and a thorough comparison with the 3L-ANPC converter will be provided.
III. FAULT-TOLERANT OPERATION OF THE PROPOSED A3L-ANPC CONVERTER
The topology of the fault-tolerant A3L-ANPC converter is shown in Fig. 1 . This converter consists of two parts, a conventional 3L-ANPC converter with three phase legs shown on the right and an additional fault-tolerant 3L-ANPC leg shown on the left. The additional 3L-ANPC leg enhances the converter's fault-tolerant effectiveness by compensating for faulty switches in the other three phase legs. The neutral point input to the fault-tolerant leg (on the left side of Fig. 1 ) will be referred as the neutral point (NP) while the neutral point input to the three phase legs (on the right side of Fig. 1 ) will be called as the virtual neutral point (VNP). Table I shows the possible switching states for a typical phase leg and the fault-tolerant leg of the A3L-ANPC converter under normal operation. The subscript "a" refers to phase-A leg while the subscript "r" refers to the redundant fault-tolerant leg. The switching state selected decides the phase output potential. As it is obvious from Table I, there are several options for each of the major states P, O, and N.
During normal operation, the inner switches of the faulttolerant leg are constantly turned ON to connect the NP to the VNP. For example, the switching state for positive phase output P1 includes turning ON S a1 and S a2 , while the fault-tolerant leg is in a default state with S r 2 , S r 3 , S r 5 , and S r 6 turned ON. The available voltage vectors in normal operation are depicted in Fig. 3(a) . However, in fault-tolerant operation mode, the output of the fault-tolerant leg can be connected to the positive dc bus, the neutral point, or the negative dc bus depending on which device fault that will be compensated. The fault-tolerant compensation methods will be discussed in the following subsections. It should be noted that, considering the circuit symmetry of the proposed A3L-ANPC converter, only three devices on the Phase-A leg, (S a1 , S a2 , and S a5 ), will be investigated in this paper for open-circuit and short-circuit switching faults. Therefore, the fault behavior and the related fault-tolerant operation on other switching devices will not be repeated. Table II , Phase-A cannot produce a positive voltage state (P) when there is an open-circuit fault in S a1 . This results in a reduction of the available output voltage vectors as shown in Fig. 3(b) . Fig. 4(b) demonstrates a path that the fault-tolerant leg uses to compensate an open-circuit fault in S a1 . To reclaim the missing states, P1 and P2, the switches S r 1 and S r 2 are turned ON to connect the positive dc-bus to the VNP. Meanwhile, as shown in Fig. 4(a) , Phase-A leg has S a5 and S a2 turned ON providing a path from the VNP to the Phase-A output resulting in restoration of the lost state. Consequently, all O states are lost in all phases. Thereby, the converter can only output a full-scale two-level voltages, rather than three-level voltages, as indicated in Fig. 3(c) .
A. Open-Circuit Switch Faults 1) Open-Circuit Switch Fault in S a1 : As shown in
One more switching state affected by the open-circuit fault in S a1 is the OL1 state. To compensate for the lost OL1 state, there are three other zero states available for use. Considering that switching back and forth between O and P state in the fault-tolerant leg will result in a sophisticated hybrid combination of three-and two-level waveforms, the fault-tolerant leg is simply used to retrieve P state to generate two-level output voltages.
2) Open-Circuit Switch Fault in S a2
: During an open-circuit fault in S a2 , the output of Phase-A leg cannot produce a P state. Fig. 4(b) shows a path to retrieve the lost P state. To compensate 
for the missing P1 and P2 states, the switches S r 1 and S r 2 are turned ON to connect the positive dc-bus to the VNP. In Fig. 4(b) , the faulty phase leg has S a3 and S a6 turned ON so that the VNP is connected to the phase output, thereby, restoring the lost state. Again, losing the ability to output zero in nonfaulty phase legs results in full-scale two-level voltages at the output, as illustrated in Fig. 3(c) .
3) Open-Circuit Switch Fault in S a5 : Fig. 4(c) shows an open-circuit fault in S a5 , which results in losing N2, OU1, and OU2 states. The alternative state for N2 is N1, and the zero states of OL1 and OL2 can be substituted with states OU1 and OU2. Under this fault scenario, full-scale three-level voltage output is retained.
B. Short-Circuit Switch Faults
1) Short-Circuit Fault in S a1 : Fig. 5(a) shows the A3L-ANPC converter with a short-circuit fault in S a1 . Under normal operation the NP is connected to VNP to provide access to the neutral point. However, with a short-circuit fault in the switch S a1 , the switch S a5 must never be turned ON in order to avoid shoot-through between the positive dc-bus and the neutral point. In such scenario, the switching states, N2, OU1, and OU2, are lost, as shown in Table III . For the lost states of OU1 and OU2, the alternative states of OL1 and OL2 will be used. Similarly, for the lost state of N2, an alternative negative state N1 can be used instead. Therefore, the full output voltage can still be maintained in this fault scenario.
2) Short-Circuit Fault in S a2 : In this case, the lost states are N1, N2, and OL1. Turning ON S a3 and S a4 in order to obtain one of the N states will result in a short-circuit in the path shown in Fig. 5(b) . Turning ON S a1 , S a3 , and S a6 in order to obtain OL1 will result in a short circuit and is depicted in Fig. 5(c) . The alternative path to generate the N state for the fault-tolerant operation of the phase leg A is shown in Fig. 5(d) . Retrieving the lost N states in this case will require the connection of the negative rail to VNP resulting in the loss of the O states in all phases. Thus, the converter can only output a full-scale two-level voltage for this fault scenario.
3) Short-Circuit Fault in S a5 : A short-circuit fault at S a5 will result in losing states P1, P2, and OL1. Fig. 5(e) shows the short-circuit path when turning ON the switch S a1 to generate the switching states P or OL1, while having a short-circuit fault in the switch S a5 . In the fault-tolerant mode, the VNP is disconnected from the NP, subsequently the O state will be lost. Such remedial action isolates the faulty device, but the converter can only output a full-scale two-level voltage.
In summary, because of the symmetry of the converter topology, S a3 , S a4 , and S a6 are dual fault scenarios of the discussed fault cases in S a1 , S a2 , and S a5 , respectively, and thus, they are not going to be discussed in detail but are listed in Tables II and III. IV. EXPERIMENTAL VERIFICATION In order to validate the fault-tolerant capabilities of the A3L-ANPC converter topology, a 25-kW prototype was designed and implemented. The experimental setup is displayed in Fig. 6 . The prototype is comprised of 24 SiC MOSFETs (Model No.: CREE C2M0025120D, rated at 1200V/60A). A digital signal processor (DSP) TMS320F28377D was used in the setup to control the converter. A three-phase RL load in wye configuration, with a resistance per phase of 10 and inductance per phase of 900 μH, was connected to the output of the converter. The dcbus voltage is 1 kV and the nominal output power in the test is 25 kW. The switching frequency was set at 10 kHz. Finally, the fundamental output frequency and the modulation index were set at 60 Hz and 0.8, respectively.
In the experimental results presented later for both switch open-circuit and short-circuit fault tests, the A3L-ANPC converter was programmed to output three cycles of normal operation, followed by three cycles of faulty operation, and finally, three cycles of fault-tolerant operation. This is in order to show the variations of the line-to-line voltages and phase currents under normal operation, faulty operation, and fault-tolerant operation. The experimental results for verifying the faulttolerant operations of various open-circuit device faults in the A3L-ANPC converter are shown in Fig. 7 . Fig. 7(a) depicts an open-circuit fault in S a1 . The first three cycles of the line-to-line voltage and three-phase currents are in normal operation. The second three cycles illustrate an open-circuit fault in S a1 , in which the output voltage cannot reach the full scale of dc-bus voltage (i.e., 1 kV). This indicates the loss of the P state in the Phase-A leg. The last three cycles exhibit the line-to-line voltage and three-phase currents during fault-tolerant operation mode, which exhibits two-level voltage waveforms since the converter is modulated as a two-level converter, but the full modulation index is retained. In addition, it can be seen that the line-to-line voltage and current waveforms exhibit more harmonics during fault-tolerant mode because of the two-level operation of the converter. The similar observation can be applied to the fault-tolerant operation for the open-circuit fault in S a2 , which is shown in Fig. 7(b) . However, for an open-circuit switch fault in the switch S a5 , shown in Fig. 7(c) , the A3L-ANPC converter can still output a three-level waveform without any derating, and thus, the phase currents remain unchanged with no increase in harmonic distortion. The experimental results for short-circuit faults in devices, S a1 , S a2 , and S a5 , are demonstrated in Fig. 8(a)-(c) , respectively. Since these waveforms are similar to the results for open-circuit device faults, explanations will not be repeated here.
It should be noted that showing the three faulty cycles in this paper is for illustration purpose and it is exaggerated. Adopting a fault detection technique will claim the fault-tolerant operation much more faster. This paper is not considering the investigation on the fault detection method. Therefore, for preventing a shoot through in lower dc-link capacitor during a short circuit fault at S a2 [as shown in Fig. 5(b) ], the S a4 is intentionally turned OFF. Turning OFF the S a4 will result in losing the N state, which is shown in the three faulty cycles of Fig. 8(b) . This faulty state is shown in three cycles to show the effect of losing the N state on the output voltage. The mechanism that triggers the fault detection technique is the short-circuit fault feedback in the system. Since the semiconductors used in the A3L-ANPC converter are SiC MOSFETs the short-circuit detection mechanism should be able to turn OFF the short-circuit fault in less than 5 μs. In order to further investigate the fault-tolerant capability of the A3L-ANPC converter, the open-circuit fault in S a1 and S a2 is introduced in the positive peak of i a as shown in Fig. 9(a) and (b), respectively. Fig. 9(c) demonstrates the open-circuit fault introduced in negative peak of the i a . The fault duration is lasting for one cycle deliberately for illustration purposes.
Similar conditions as open-circuit fault are applied to shortcircuit tests, which are shown in Fig. 10(a)-(c) .
To investigate the fault-tolerant operation of the A3L-ANPC converter in specific applications such as a motor-drive system, the converter is connected to a 3-kW induction motor-generator setup. The test results for open-circuit faults in S a1 , S a2 , and S a5 are shown in Fig. 11(a)-(c) , respectively.
V. CURRENT SHARING CAPABILITIES OF THE A3L-ANPC CONVERTER
The current sharing characteristics of the A3L-ANPC converter is achieved by leveraging the redundant leg that can increase the overload capability and overall performance of the converter. Specifically, the redundant leg can be utilized to share the load current with three main phase legs under normal operating conditions. Current sharing capability is very beneficial in reducing the thermal stress in the outer switches (S x1 and S x4 , where x=a, b, or c). Particularly, the outer switches in the converter have the largest thermal stress under the conditions of unity power factor and maximum modulation index [6] . However, it should be clarified that current sharing between the redundant leg and the three phase legs is only available at the six large voltage vectors.
A. Current Sharing in Three-Level Mode
The large space vectors include P states and N states solely and the medium vectors and small vectors include at least one O state. Therefore, the redundant leg can output a P state or N state in the interest of sharing the current.
If the redundant leg outputs a P state or N state while another phase leg requires a O state, a dc-bus short-circuit fault may occur. To avoid a shoot-through fault, the redundant leg can only share current when large space vectors are used.
For instance, at the switching state of (P, N, N), the switches S r 1 and S r 2 on the redundant leg can be turned ON to share the positive load current with the Phase-A leg, as shown in Fig. 13(b) . This capability is verified by the experimental results given in Fig. 13(a) and (b) . In Fig. 13(a) , the three line-to-neutral voltages, V an , V bn , and V cn , show the switching states of (P, N, N) and (P, O, N). Under the same operating condition, the load current sharing between the redundant leg and the Phase-A leg is demonstrated in Fig. 13(b) . It should be noted that the total load current is shared by the current flowing through S r 1 and S a1 at the switching state (P, N, N) . However, at the switching state (P, O, N), the current sharing strategy has to be disabled due to the necessity of using the redundant leg to output zero voltage for Phase-B leg. This is also shown in Fig. 13(b) where the load current equals the current flowing through S a1 . It should be pointed out that the current through S r 1 is represented by i V N P in Fig. 13(b) . The similar current sharing strategy can be implemented for the other five large vectors, and will not be repeated here.
In order to further reduce the device conduction losses during current sharing mode, the lower neutral path of the A3L-ANPC converter can be turned ON after the upper neutral path is turned ON, as is shown in Fig. 12(c) . First the upper neutral path is turned ON to build up the shared current, and then, the lower neutral path is turned ON to provide a quasi-zero-voltage soft switching for the lower neutral path. Assuming the on-state resistance of each SiC MOSFET as R, the resultant on-state resistance between the positive dc bus and the Phase-A output terminal will be 2R when there is no current sharing as shown in Fig. 12(a) . Accordingly, the on-state resistance between the positive dc-bus and the output terminal would be 1.75R and 1.33R with different current sharing schemes as shown in Fig. 12(b) and (c), respectively. Obviously, using the redundant leg for sharing the load current in normal operation can reduce the conduction losses significantly.
B. Current Sharing in Two-Level Mode
The current sharing characteristic of the A3L-ANPC converter can be utilized exclusively if the converter is operated only with large space vectors. In other words, the three-level Lose lower O Recover
Lose lower O Recover
Recover full modulation index A3L-ANPC converter has to be modulated as a two-level converter, which is possible in normal operation or fault-tolerant operation. However, the drawback of this mode is the increased harmonics in the output voltages. If two-level mode is sufficient for the application, current sharing in two-level mode can be utilized for overload, startup, and stall conditions.
VI. COMPARISON AND COST JUSTIFICATION
A comparison of the fault-tolerant capability between the introduced A3L-ANPC converter and the conventional 3L-ANPC converters is summarized in Tables IV and V. It can be seen from these tables that the A3L-ANPC converter can operate at full power under any single device fault condition. In contrast, the conventional 3L-ANPC converter can only operate in a derated mode during a single device open-circuit fault in switches S a1 -S a4 [10] . For an open-circuit fault, the modulation index for the A3L-ANPC converter can be maintained at 2/ √ 3 as shown in Table IV .
Recovering from short-circuit faults in the 3L-ANPC converter is dependent on the ratings of the semiconductor devices used in the topology. As shown in Table V , a 3L-ANPC converter can recover from more short-circuit faults if the semiconductors are rated at full dc-bus voltage. Although the rating of the semiconductors in the conventional 3L-ANPC converter can make a difference in recovering from short-circuit faults, Lose N half modulation index Lose N half modulation index Recover full modulation index it is still impossible to recover from all short-circuit faults in the 3L-ANPC converter. However, with voltage ratings of full dc-bus voltage, the proposed A3L-ANPC converter can recover from all short-circuit faults with full modulation index.
The semiconductors in A3L-ANPC are rated at full dc-bus voltage. This choice is different from the conventional 3L-ANPC converter where the semiconductor devices typically are rated at half dc-bus voltage. However, the cost for fully rated semiconductors in an A3L-ANPC converter is justified in applications where fault tolerance and reliability is paramount. Moreover, using the current sharing scheme in Fig. 12(c) that enables a significant reduction of the conduction loss is only possible if the semiconductors are rated at full dc-bus voltage.
The voltage rating of the semiconductor devices on the redundant leg are also considered to be able to tolerate the full dc-bus voltage. In normal operation, these semiconductor devices can survive if they are sized at half of the dc-bus voltage. However, in fault-tolerant operation, there are certain cases that the devices must be able to tolerate the full dc-bus voltage in order to survive from the fault. The current rating of the semiconductor devices on the redundant leg will be sized as the same as these on the main phase legs. This is because of the fact that the devices on the redundant leg will interface the rated current of the converter in some open-circuit fault scenarios, as discussed in previous sections. To evaluate the efficiency of the proposed A3L-ANPC converter, thermal modeling and simulation were carried out in PLECS software. The simulation conditions are given in Table VI. In the thermal simulation of the A3L-ANPC converter, the four middle SiC MOSFETs in the redundant phase leg, namely, S r 2 , S r 3 , S r 5 , and S r 6 , are kept constant ON. Therefore, there are no switching losses in these middle switches, and their conduction losses during operation are marginal due to the current sharing by the two parallel conduction paths constituted by the upper path (S r 2 and S r 5 ) and lower path (S r 3 and S r 6 ). A comparison of the converter efficiency between the conventional ANPC inverter and the proposed A3L-ANPC converter under the same conditions is shown in Fig. 14 . As it can be seen, for the output power below the rated power of 25 kW, the proposed A3L-ANPC converter has almost the same efficiency as that of the conventional ANPC converter. At rated output power condition (100% output power), the efficiency of the proposed SiC A3L-ANPC converter is only 0.05% lower than the conventional SiC ANPC converter, which results from the conduction losses of the middle switches (S r 2 , S r 3 , S r 5 , and S r 6 ). At 125% overload conditions (i.e., 1.25 times higher than the rated converter power), the efficiency of the A3L-ANPC converter is only 0.07% lower than the conventional SiC ANPC converter. Therefore, one can conclude that this proposed A3L-ANPC converter can maintain approximately the same efficiency as the conventional ANPC converter while possess fault-tolerant capability to any open-circuit and certain short-circuit switching faults.
VII. CONCLUSION
This paper introduces a novel fault-tolerant topology based on the conventional 3L-ANPC converter. According to the experimental results, this proposed A3L-ANPC converter possesses superior fault-tolerant capabilities compared to the conventional 3L-ANPC converter. The enhanced fault-tolerant capability is based on the addition of an identical ANPC phase leg. Moreover, under normal operation or faulty operation, the redundant leg in the A3L-ANPC converter can be utilized to share the current with other phase legs, which is beneficial for mitigating the thermal stress on outer switches in the converter. The experimental results show that the A3L-ANPC converter can operate without reduced output voltage and power under any device open-circuit or short-circuit fault. The current sharing between the redundant leg and other phase legs is also experimentally verified. This novel fault-tolerant multilevel converter topology can be used in safety-critical applications where the reliability of the power conversion system has a higher priority than the system cost.
